Polyester fabrics are conventionally dyed mainly at either high temperature and high pressure or normal pressure using a toxic carrier. These harsh method not only energy consuming but as well affects the environment severely. Thus, for cleaner production and with an eye on energy saving, a green and ecological viable and sustainable continuous dyeing process were developed for polyester fabrics using aqueous polyethylene glycol (PEG). Polyester fabrics were dyed with CI Disperse Blue 56 in a continuous process by padding the fabric in an aqueous solution of PEG10000 with 100% pick-up. Different factors that may affect the dyeability of polyester fabrics, such as PEG water ratio, drying time and method, curing temperature and time, were investigated. The selected conditions obtained were applied using four disperse dyes; namely, CI Disperse Blue 56, CI Disperse Red 50, CI Disperse Red 343, and CI Disperse Orange 29. A tentative mechanism is suggested for the role of PEG10000 in the dyeability of polyester fabrics that relies on nanodispersed dye together its action as a fiber plasticizer and swelling agent. The excellent color data, levelling and fastness properties of the dyed fabrics using this facile method suggest its potential as a viable and ecological alternative for carrier-atmospheric dyeing and high-temperature dyeing of polyester fabrics with great potential for application to a broad range of synthetic fibers.
and the dislocation of PET oligomers that ultimately affect the quality of the dyed product [12, 13] . Solvent-assisted dyeing of PET fabrics on the other hand, although it replaces water and textile auxiliaries, yet it is a high-temperature method, i.e. energy consuming, and lacks of green solvents for all colors [14] . Application of nanotechnology using nanoemulsion was also persuaded for a partial saving of water with better dyeability although with concerns in using emulsifier and other water-soluble auxiliaries as well as dyeing at high temperature and pressure [15, 16] . A green approach of PET dyeing at atmospheric pressure was attained after its irradiation with a germicidal lamp while being chemically modified using aqueous H 2 O 2 and H 2 O 2 in the presence of acrylic acid solutions at room temperature under air [9] .
The substitution of toxic carriers in atmospheric dyeing of PET fabrics using vanillin and vanilla to facilitate dye adsorption and diffusion into the fabrics have been studied.
Vanillin and vanilla are an agro-natural source, however, their potential as carriers in PET dyeing are limited with small disperse dye molecules together with the need to use a large amount of these carriers [17] [18] [19] . Recent studies on dyeing of PET fabrics have also been reported using eutectic solvent based on a mixture of choline chloride, urea, and glycerin in the proportion of 1:1:1 (w/w) as a substitute of toxic carrier [20] .
Thermosol process for continuous dyeing of PET fabrics is also one of the three conventional methods. It is a continuous process started by padding the PET fabric in the dye bath, although containing non-ecofriendly textile auxiliaries, squeezed, dried (about 120 o C) and cured for dye fixation at about 220 o C. The thermosol process is applicable for limited color shades as it is designed only for sublimable disperse dyes at such high temperature so that dyes can diffuse in the gaseous phase within PET fibers [21, 22] .
In the interest of continuous dyeing as it is carrier-free with excellent dye utilization and aiming at finding a novel ecological dyeing method of PET fabrics, it was hypothesized that using PEG aqueous solution without any textile auxiliaries in the presence of disperse dye in a dye bath for padding PET fabrics would be facile, viable and green process. PEG is on the list of FDA"s GRAS as a green medium. It is chemically stable, its liquid form (low molecular weight) is miscible with water, and its solid form (high molecular weight) is highly soluble in water at room temperature [23] .
In the present work, PEG10000 was selected, as it is solid at room temperature (m.p.
about 65 o C) and thus after padding the fabric in aqueous PEG10000 containing disperse dye, the absorbed dye would remain inside the fabric with homogeneity. Additionally, PEG10000 or higher molecular weights are reported as the best plasticizers for polymeric fibers [24] . To the best of our knowledge, the present work is novel, and the results obtained would inspire scientists for further investigation and possible industrial application.
Experimental

Materials
Scoured and bleached 100% polyester fabric (149 g/m 2 ) was supplied by El-Mahalla El-Kobra Company. The fabrics were further scoured in aqueous solution with a liquor ratio1:50 containing 2 g/l nonionic detergent solution (Hostapal, Clariant) and 2 g/l Na 2 CO 3 at 50 o C for 30 min, then rinsed thoroughly, and dried. The commercial dyes used in this study were used as received. These dyes ( Fig. 1.) 
Green dyeing of PET fabric
Preparation of the padding dye-bath
PEG10000 solution was made by dissolving (5-15g) in 18 ml water at 60 o C for 15 min. Dye (0.5 g) was dispersed in water (2 ml) at 60 o C for 15 min. Then both components were mixed and homogenized at 60 o C for 15 min.
Pad-dry-curing method
Dyeing of PET fabrics with disperse dyes was carried out using a""2-dip-2-nip"" padding at room temperature in a dye-bath made as mentioned above. The padded fabrics were then dried and cured. Details of the conditions used are given in the text. Finally, the dyed fabrics were rinsed with water and washed in liquor ratio 1:50 with non-ionic detergent (Hostapal CV), 2g/l at 60 o C for 30 min. The fabrics were thoroughly rinsed with water and dried.
Color measurements and levelling
The colorimetric properties of dyed PET fabrics wereobtained using a Hunter Lab Ultra Scan® PRO (USA)in terms of CIELab and CIELch values (L*, a*, b*, c*, h o ) using a standard illuminant D65 and 10 o observer with specular radiation excluded on a Minolta CM-3600d visible spectrophotometer and provided with Spectramagic software [25, 26] . 
Thermal analysis and Transmission electron microscopy
Thermogravimetric analysis (TGA) was carried out on a Shimadzu TGA-50H thermogravimetric analyzer and the samples were heated from room temperature to 700 °C at a rate of 10 °C/min under an inert nitrogen atmosphere. Transmission electron microscopy (TEM, Model, JEOL-1230 Tokyo Japan) was used to observe the dispersed nanoparticles.
Fastness testing
The dyed samples were tested, after washing-off using 2 g/L nonionic detergent (Hostapal CV) at 60 o C for 30 min, according to ISO standard methods [31] . The specific tests were; ISO 105-C02 (1989), color fastness to washing and ISO 105-E04 (1989), color fastness to perspiration, and ISO 105-X12(1987), color fastness to rubbing.
Results and discussion
It was envisioned that finding a green formulation for continuous dyeing of PET fabrics would be of great interest. Recent studies have indicated that PEG, in general, is an effective external plasticizer for different polymers [24, 32] . Therefore, PEG10000 as a green medium [23] was selected as it would play two roles; one as a good dispersing and solubilizing agent for the disperse dye and the other as an external plasticizer and swelling agent for PET fabrics and thus facilitates dye diffusion and results in a good dyeability of PET fabrics. In this interest, the different factors that may affect this process are investigated.
Effect of curing temperature
The effect of curing temperature on the dyeability of PET fabrics with CI 
Effect of curing time
The effect of curing time on the dyeability of PET fabrics with CI Disperse Blue 56 was conducted at different times (30, 50, 90, 150 sec.). As shown in Fig 
Effect of drying time
The effect of drying time on the dyeability of PET fabrics with CI Disperse Blue 56 was conducted at different times (1, 3, 5, 7 min.). As shown in Fig. 3 , the color strength of dyed fabrics increases as the drying time increased up to 5 min. after which it decreased with further increases in the time. This result indicates that 5 min. was enough for drying the fabric the absorbed water leading to further dye diffusion and prolonging the time may reverse the diffusion back to PEG. 
Effect of PEG water ratio
The effect of PEG water ratio on the dyeability of PET fabrics with CI Disperse Blue 56 was conducted at different ratios (0:20, 5:15, 10:10, 15:5 w/w PEG/water). As shown in Fig. 6 , the color strength of dyed fabrics was the best the ration 5:15, after which the dyeability decreased. This result indicates that 5:15 PEG/water ratio is suitable for dye fixation above which the retention of disperse dye will certainly dominate PEG medium leading to a lower dyeability of PET fabrics. 
Comparative drying
It was interesting to see whether drying at room temperature of the padded fabric would bring a similar dyeability with that dried at 80 o C. Thus, two comparative experiments were made, and the results obtained are shown in Fig. 7 . Expectedly, the color strength of the dyed fabrics obtained after drying at 80 o C for 5 min was equivalent to that obtained after drying at room temperature for 15 min. This result indicates that the role of drying is just to eliminate absorbed water from the fabrics that is why long drying time at 80 o C as observed above was not suitable owing to the possibility of dye migration from the fabric to PEG. 
Comparative environmentally dyeing methods
Tentative mechanism
The role of PEG during the dyeing process might be indicated by studying the effect of PEG on both PET fabrics and the particle size of the dye molecule during the dyeing process. For this purpose, CI Disperse Blue 56 was selected as a representative disperse dye, and PET fabrics were simply dyed in the presence and absence of PEG.
Also, PET fabric sample as the control was processed following the same dyeing procedure in the presence of aqueous PEG except in the absence of dye. These three samples, together with pristine PET fabric sample, were thermally analyzed under nitrogen. Furthermore, the impact of PEG aqueous solution on the particle size of dispersed dye was assessed in comparison with the particle size of water dispersed dye. was reported [33] [34] [35] . The difference between the TGA of pristine PET fabric (PET), PEG treated (PET-PEG), pristine dyed (PET-dye) and PEG treated dyed one (PET-PEGdye) can be observed clearly. As shown in Fig. 8 and Table 1 , it is clear that PET-PEG sample is thermally more stable than the PET sample. This result indicates the favorable impact of PEG on reorganizing the polymeric chains such that hydrogen bonds take place between the chains. These results are in accordance with those previously reported in which using PEG as plasticizer and swelling agent could lead to an increase in the thermal stability of polymeric fibers as it facilitates the formation of soft and flexible polymer [24] .
TGA analysis
Interestingly, the thermal stability of PET-PEG-dye sample was lower at 50% degradation than the thermal stability of PET-dye sample, and both samples were lower than the pristine PET and PET-PEG samples. On the other hand, the residue remained at Table 2 .
Thermogravimetric data of pristine polyester (PET), PEG treated (PET-PEG), pristine PET dyed (PET-Dye) and PEG treated and dyed (PET-PEG-Dye) fabric samples.
TEM analysis
TEM images for the dispersed dye (CT Disperse Blue 56) in the presence and absence of PEG aqueous solution are shown in Fig. 9 . dark particles of size range from 6- dispersed dye due to PEG aqueous solution increased its surface area leading to higher adsorption of the dye onto the fabric surface. On the other hand, the plasticization of PET fabric imparted by PEG would facilitate dye absorption and thus higher dyeability.
Fig.9.
Images of the dyed PET samples with different dyestuffs in the presence and absence of PEG after being fixed following the conditions mentioned under Fig. 8 .
Application on different dyes
The selected dyeing conditions based on the above studies were implemented on four different disperse dyes; namely, CI Disperse Red 343, CI Disperse Red 50, CI Disperse Orange 29, and CI Disperse Blue 56 (Fig. 1) . The dyeability of PET fabrics using these dyes was evaluated in the presence and absence of PEG and with or without fixation (curing). Fig. 10 shows how the method presented was successful for all dyes and depending on their chemical structures. Images of the dyed samples in the presence and absence of PEG are shown in Fig. 11 . The overall results indicate that the fixation in the presence of PEG resulted in an excellent dyeability. The color data in terms of CIELab and CIELch values (L*, a*, b*, c*, h o ) were measured and the results shown in Table 3 indicates that PET fabrics dyed in the presence of PEG have the highest L* compared with no PEG, indicating a brilliant shade.
The chroma (c*) and hue (h o ) were more or less the same for all samples, indicating the using PEG didn"t change the color of the dye used.
The chemical structure of the dyes used may affect the color strength obtained, as shown in Fig. 10 . 
Fastness properties
As shown in Table 4 , the fastness tests of rubbing, washing, and perspiration of PET fabrics dyed with disperse dyes are generally better using PEG compared with those made in the absence of PEG. The improved fastness properties would be due to the role of PEG that results in a better dye penetration and thus good coverage with high fixation inside PET fabrics. 
Conclusion
A novel and green continuous dyeing method of PET fabrics using aqueous PEG solution containing disperse dyes were explored as a viable and facile alternative for carrieratmospheric dyeing and high-temperature dyeing of polyester fabrics. The excellent color data, leveling, and fastness properties obtained of dyed samples are suggested to be due to the crucial role of PEG as a fiber plasticizer, swelling agent and a suitable dispersant for the formation of nanodispersed dye. Future work on this subject is underway, and the outcome will be submitted for publication elsewhere. We believe that the method presented has a high potential for application to a broad range of synthetic fibers.
